Study question: We examined whether methods for measuring exposure to airborne particles less than 10 m in aerodynamic diameter ( PM 10 ) in the Mexico City metropolitan area give different estimates of PM 10 levels, and the nature of these differences, and developed a model for estimating missing PM 10 data for one measurement method. Methods: Government PM 10 measurements using two different technologies at five sites ( the Sierra -Anderson PM 10 HighVolume Air Sampler System, Hi -Vol ) ( every sixth day ) and the Rupprecht and Patashnik Tapered Element Oscillating Microbalance ( TEOM ) monitor ( daily ), as well as Harvard Impactor ( HI ) data collected for research purposes from one monitoring station were matched by day and monitoring site, then compared visually and with basic descriptive statistics. We fit linear regression models with airport visual range measurements, meteorological data, and information on other air pollutants to predict the Hi -Vol measured PM 10 levels for those days when direct measurements were not available. Results: We found relatively low correlations ( r ranging from 0.46 to 0.63 ) between PM 10 measured with the TEOM and Hi -Vol methods, and highly variable differences ( 0 -70 g / m 3 ) between the means of these measurements, depending on monitoring site. The HI measurements had a relatively high correlation with the Hi -Vol measurements ( r = 0.90 ). The models developed for the missing Hi -Vol measurements provided a series of estimated values similar to the actual Hi -Vol measurements, although the estimated series did not have high values in the range observed in the measured data. Conclusions: The differences we observed in the PM 10 measurements across methods in Mexico City may be important when studying health effects associated with particle exposure, evaluating method performance under conditions and operating protocols similar to those in Mexico City, and determining compliance with air quality standards. The estimated series of PM 10 measures may be a useful index of exposure for use in studies of the effects of air pollution on health.
Introduction
Epidemiologic studies of short -term associations between mortality or hospital admissions and airborne particles serve as crucial evidence for developing health -based air quality standards. Published studies have assigned particle exposure using data from several different particle measurement techniques and indicators, including Black Smoke, gravimetric, Tapered Element Oscillating Microbalance (TEOM), and visibility, and typically have information from only one measurement source. A review of over 80 recent studies of mortality and ambient particles, several of which are cited here, revealed that few devote more than a sentence or two to describing the measurement method, and some merely describe the parameter being measured, e.g., particles of less than 10 m aerodynamic diameter ( PM 10 ) (Kinney and Ozkaynak, 1991; Bobak and Leon, 1992; Pope et al., 1992; Saldiva et al., 1994; Anderson et al., 1996; Hoek et al., 1997; Simpson et al., 1997 ) .
Different air pollutant monitor designs may paint distinct pictures of the temporal pattern and magnitude of particle concentrations, even in the same location and under similar sampling conditions. In addition, although particle monitors may be designated as ''equivalent'' to the Federal Reference Method sampler in the US (Chow, 1995 ) , the field conditions under which these methods are deemed equivalent may not reflect circumstances in other parts of the world, where different climatic patterns, particle compositions, and/ or operating protocols may exist. Some meta -analyses of particle /mortality epidemiology studies have addressed the issue of different measurement methods by converting exposure metrics provided in units other than PM 10 [e.g., total suspended particles (TSPs ), or Coefficient of Haze ] to PM 10 , applying data -derived correction factors (Ostro, 1993; Dockery and Pope, 1994; Levy et al., 2000 ) . However, a recent article admonishes researchers against using ''simple -minded'' conversion factors to compare estimates derived from studies that used different technologies to measure particles ( Moolgavkar and Luebeck, 1996 ) . One review was confined to papers which used only direct PM 10 measurements or measurements with on -site calibrations to PM 10 (Thurston, 1996 ) . But even monitors that measure PM 10 ''directly'' do not all necessarily measure the same physical or chemical properties of the particles.
To compare PM 10 measurements in the Mexico City metropolitan area, we used direct measurements made by the Mexico City government with two different sampling technologies over a 5-year period (January 1, 1994 -December 30, 1998 , as well as a dataset collected for research purposes under a US Environmental Protection Agency (US EPA ) cooperative agreement with a third method (January 1, 1994 -July 31, 1995 . The purpose was to assess whether the three methods were measuring the same levels of PM 10 , and if not, whether there were any patterns or consistencies in the differences. The government -collected measures are used to determine compliance with health -based air quality standards, and the data from the EPA -funded research project have been used in previously published epidemiological studies. Since the ultimate utility of these metrics is as an estimate of human exposure to air pollution, understanding how the measurements might differ is important for studying health effects and protecting the population from unsafe levels of pollution.
One of the government monitoring methods had an every -sixth -day sampling schedule. A more complete time series that approximates measurements taken with this method would be helpful for future epidemiological studies of PM 10 and mortality. We therefore developed models for creating an estimated set of PM 10 values for that sampler type using visual range measurements taken at the Benito Juarez International Airport in Mexico City and other air pollution and meteorological variables.
Methods

Study Area
The metropolitan area of Mexico City includes the 16 delegaciones of the Federal District as well as 27 municipios of the neighboring State of Mexico, and is one of the world's largest urban conglomerates ( Aguilar et al., 1995 ) . The basin where Mexico City is situated covers about 7500 km 2 and is 2240 m above sea level, and the temperatures are typically mild (12 -188C annual average ). The valley is surrounded on the north, south, and west by volcanic mountain ranges. The area had numerous lakes and wetlands up until the 1500s, but after the Spanish conquest, most of the lakes and canals were drained and filled. The dried basin of one of these lakes, Lake Texcoco, is a notable feature (Aguilar et al., 1995 ) . The surrounding mountains, prevailing winds, the city's altitude, and winter thermal inversions are factors which facilitate increased pollutant concentrations in this densely populated region. The majority of pollutants are estimated to come from motor vehicles, although stationary sources and natural sources, such as windblown dust, are also contributors ( DDF, 1996 ) . Certain parts of the metropolitan area, such as the region near the Xalostoc monitor, experience exposures from local industrial sources such as factories and power plants.
PM 10 Data
The Mexico City government runs a 32 -station monitoring network for various air pollutants and meteorological parameters in the Mexico City metropolitan area. PM 10 is measured with two different technologies: the GrasebyAnderson GMW Model 1200 PM 10 High -Volume Air Sampler System (Hi -Vol ), EPA reference method RFPS -1287 -063, and the Rupprecht and Patashnik TEOM monitor, EPA method EQPM-1090-079. The TEOM measurements are made on an hourly basis, and the HiVol data collected on an every -sixth -day schedule. The TEOM monitor measures the mass of particles accumulating on a heated filter at the top of a hollow oscillating glass rod, using the change in oscillation frequency, and provides continuous readings (Patashnick and Rupprecht, 1991 ) . TEOM monitors were operated at 508C to remove particlebound water from the flow stream at a flow rate of 1 l/ min. The Hi -Vol method draws air at ambient temperature through a fiber filter mounted behind a size -selective inlet for a 24 -h period at a flow rate of 1.13 m 3 /min, so that particles impact on the filter medium, and then the filter is removed and weighed in a climate -controlled room (Chow, 1995 ) .
Within the Mexico City metropolitan area monitoring network, five stations (Cerro de la Estrella, Merced, Pedregal, Tlalnepantla, and Xalostoc) had relatively complete series of observations for both measurement methods during the study period ( Figure 1 ). The air pollution datasets were provided by Roberto Muñoz Cruz (Gobierno del Distrito Federal, GDF ) and Jorge Martinez Castillejos (Instituto Nacional de Ecología, México ) and processed at the Centro Nacional de Salud Ambiental, Metepéc, México. In addition to these government data, privately collected particle measurements using Harvard Impactor ( HI) low -flow size -fractionated particle samplers from the Pedregal site were available for 1994 and half of 1995. The HI collects particles on a 41 -mm Teflon filter at a flow rate of 4 l/min, and weighed in a manner similar to the Hi -Vol filter. A more detailed description of the Pedregal dataset is given elsewhere (Loomis et al., 1999 ) . For the TEOM data, 24-h averages were constructed from days on which 75% or more of the hourly observations were available; otherwise, the days were counted as missing. Since the Hi -Vol data were 24 -h averages by virtue of the sample collection protocol, no decisions needed to be made with regard to defining a missing day; the missing or nonmissing coding in the provided datasets was respected for the analyses.
Visibility Data
Visibility refers to ''the clarity with which distant objects can be seen (Hinds, 1982 ) .'' Particles and gases in the atmosphere reduce visibility through two mechanisms: light scattering and light absorption. Particles between 0.1 and 1 m aerodynamic diameter are especially effective at scattering light ( Hinds, 1982 ) . Dark particles (mostly elemental carbon ) and some gases ( predominantly nitrogen dioxide, NO 2 ) absorb light (Ozkaynak et al., 1985; Richards et al., 1996 ) . The extinction coefficient ( B ext ) quantifies the total amount of light attenuated through absorption and scattering by particles and gases ( Richards et al., 1996 ) . This parameter can be directly related to visual range measurements by the Koschmieder formula: B ext (km À 1 )= 3.91 / V r , in which V r represents visual range in kilometers (Ozkaynak et al., 1985 ) .
Visual range estimates are commonly made at airports for aviation purposes. In situations where particle concentrations are either not measured on a daily basis or are missing altogether, visual range measurements have been used directly in epidemiologic studies as an indicator of particulate pollution (Knobel et al., 1995; Vajanapoom, 1999 ) . Another approach is to regress available ambient monitor data on visibility and other variables and use the resultant coefficients to estimate the missing monitor values (Ozkaynak et al., 1985; Ito and Thurston, 1989; Schwartz, 1991; Delfino et al., 1994; Abbey et al., 1995; Ostro, 1995; Vajanapoom, 1999; Shaddick et al., 2000 ) . Mexico City visual range and meteorological data, compiled by the Instituto Mexicano del Petróleo ( IMP ), with funding from the GDF's Secretaría del Medio Ambiente ( Mora Perdomo et al., 1999 ) , were provided on CD -ROM by Roberto Muñoz Cruz of the GDF. In addition, Dr. Enrique Camarillo Cruz, of the Servicios a la Navegación en el Espacio Aéreo Mexicano (SENEAM ), Secretaría de Comunicaciones y Transportes, provided access to the raw 1998 visibility and meteorological information from the Benito Juarez International Airport.
The IMP dataset was corrected so that the airport visual readings corresponded to the distances recorded in the data provided by SENEAM. ( For example, visual ranges in the IMP dataset of 8.0, 8.046, and 8.05 were assigned to 8.05 km, i.e., an observation originally recorded as five statutory miles. ) The airport observations for Mexico City were made by humans recording the farthest target landmarks visible at a particular time. For daytime visual range measurements flagged as being ''greater than'' a particular distance, the visual range was assigned as halfway between the visible marker of that distance and the distance of the next visible marker recorded in the SENEAM data. An indicator variable was created for measurements where precipitation, rain, or fog codes were recorded at noon, and another for dust, smoke, or volcanic ash codes ( NOAA, 1995 ) . The hours in the dataset were corrected for daylight savings time, which was instituted in Mexico in 1996 ( AP, 1998 .
We decided to use the noontime B ext values for the models ( Ozkaynak et al., 1985; Delfino et al., 1994 ) , since their correlations with other B ext parameters created with the averaging times employed in previous studies [mean of 10 a.m., 1 and 4 p.m. sightings, Schwartz, 1991; Abbey et al., 1995; and daily means, Vajanapoom, 1999] were fairly high, and the correlations of the three B ext parameters with the PM 10 levels did not differ substantially. The choice of the noontime parameter also eliminates potential difficulties with using averaged B ext parameters created from data in which hourly values are missing for some days.
Weather Parameters and Other Pollutants
Because many particles in the atmosphere are hygroscopic, relative humidity needs to be accounted for in estimating particle concentrations ( Hinds, 1982 ) . Temperature, dewpoint, and windspeed may also be relevant to the relationship between particles and visibility. We used temperature and relative humidity data from the Mexico City monitoring network. The number of monitors reporting these parameters ranged from 3 to 12 on any given day, and measurements were made by automatic recording instruments. We calculated averages for each day from all monitors reporting on any given day. The windspeed was only available from the airport dataset. The noon values of these parameters were used to correspond to the noon visibility reading.
Because NO 2 can play a role in visibility reduction, NO 2 data from the Mexico City monitoring network were used in the models, as measured using chemiluminescence. One study pointed out that the NO 2 is a light absorber at short wavelengths, and therefore, longer-range visual observations may not be affected by the gas ( Abbey et al., 1995 ) . However, since our goal was to build the best predictive model for PM 10 , not to understand the environmental conditions that influence fluctuations in PM 10 levels, NO 2 was assessed for its predictive power in the models. Ozone (O 3 ) data from the five monitoring stations also were used in the models since O 3 levels may fluctuate with particles. O 3 measurements were made with ultraviolet photometry. 
Statistical Approach
The goal of the regression model for this study was to learn whether the unavailable or missing Hi -Vol measurements could be predicted for a future mortality study comparing the Hi -Vol with the TEOM PM 10 measurements. A valid and reliable predictive model with a parsimonious number of explanatory variables is desired. Models for each monitoring site were created, as well as one for the citywide average of Hi -Vol PM 10 values.
Time series plots of the particle data showed tendencies for elevated levels in the dry season ( typically, October through May ). In spite of this trend, we decided not to use a seasonal indicator because these increases are predominantly attributable to the thermal inversions, the causes of which are to some degree already reflected in the meteorological terms of the models. No marked trends by year were apparent, so an indicator variable for year was not warranted. No marked time trends in the beta extinction variable were evident.
The bivariate relationships between PM 10 and the predictor variables under consideration were assessed with scatter plots to determine whether nonlinear relationships O'Neill et al. Estimating particle exposure in Mexico City exist and transformations were necessary. An ''all -possible regressions'' selection strategy was used to find a parsimonious model with a high R 2 (Kleinbaum et al., 1988 ) , considering the following potential predictors: concurrent day values of NO 2 , O 3 , temperature ( minimum, maximum, and mean ), relative humidity (minimum, maximum, and mean ), and windspeed (values at noon or, if missing, recorded at 11 a.m. or 1 p.m. ), and noontime B ext . Dewpoint values were not available for 1994. A comparison of models with and without dewpoint showed that the predictive power was not great enough to justify the loss of an entire year in the time series of the predicted PM 10 values, so it was not used in the models. Interaction terms between B ext and other variables, such as temperature and humidity ( Schwartz, 1991 ) , were not considered for this study because rather than applying temperature and humidity correction factors to the original data, these variables are included explicitly in the models. In addition, the seasonal variation in temperature is very slight in the Mexico City area.
The statistic Mallow's C p was used as a guide for selecting the number of predictor variables for the model ( Kleinbaum et al., 1988 ) . The ''best'' model is one in which this statistic is approximately equal to the number of predictors being considered plus one, and adding more predictors does not appreciably increase the explanatory power of the model. In light of our goal of parsimony, where two models appear approximately equal with respect to R 2 and C p , the one with a smaller number of significant predictors ( P< 0.10 ) was chosen. The potential collinearity of the predictors was assessed using variance inflation factors (VIFs ), excluding those with VIFs greater than 10. An analysis of a fully saturated model revealed that the mean temperature and mean relative humidity variables were the main contributors to collinearity. When these variables were removed, all of the VIFs went below 10, so they were not used in the final modeling exercise. The final models for each monitoring site and for the citywide average included meteorological as well as pollutant variables.
The assumptions of the linear regression models employed are that the residual errors of the observed and predicted PM levels are normally distributed, independent over time, and have constant variance. To evaluate whether these assumptions were met by the models, a residual analysis was performed.
Analyses and plots were accomplished using SAS Version 7 (SAS Institute, Cary, NC ) and Splus Version 4 (MathSoft, Seattle, WA ) softwares.
Results
Plots and descriptive statistics of the three direct PM 10 measures showed that these methods are measuring different levels of PM 10 , depending on site and time period of the measurements. At the Xalostoc monitor, both the TEOM and Hi -Vol methods measured substantially higher levels of PM 10 than at any of the other monitoring stations (at least 70 g/m 3 for Hi -Vol, and at least 20 g/m 3 for the TEOM; Table 1 ). The lowest levels of PM 10 were taken with the TEOM and Hi-Vol at the Pedregal monitoring site. For every monitor, the mean levels of PM 10 were higher with the Hi -Vol than with the TEOM, but the range of the difference was highly variable: over 60 g/m 3 difference at Xalostoc, compared with the difference at Pedregal, which was negligible ( 0.2 g/m 3 ). The HI measures taken at Pedregal had a smaller range than the other methods, and a mean slightly higher than the two other methods. These measurements were available only until July 31, 1995, so the higher trend could represent the higher levels during that period. Figure 2 shows the intermonitor relationships for the TEOM and Hi -Vol data, an indicator of the spatial correlation of the study area data. The number of pairs plotted on each graph is the lower of the number of daily observations available for each monitor and method ( Table 1 ). The monitors furthest from each other ( Cerro de la Estrella and Pedregal being the southernmost monitors, and Tlalnepantla and Xalostoc being the northernmost monitors ) tended to show lower correlations, as expected. The highest correlation for the Hi -Vol measurements was observed for the central monitor (Merced) and the Tlalnepantla site ( 0.72 ), and for the TEOM, between Merced and Cerro de la Estrella (0.59 ).
A comparison of the measurements made with the three direct methods shows relatively low correlations between the TEOM and Hi -Vol measurements at all five sites (Figure 3 ). Scatter plot points represent days when the two measurement methods were both operational. Additional analyses were performed using only the TEOM daily means calculated from a complete 24 -h series to assess whether the missing hourly data were creating bias. The correlation values and the patterns of the plots remained the same. The Hi -Vol measurements at the Pedregal site had a Pearson's correlation of 0.90 with PM 10 measurements made with the HI, whereas the TEOM / HI correlation was only 0.64, over the period January 1, 1994 through July 31, 1995.
We developed models to estimate the Hi -Vol values for nonsampling days for the five monitors and the mean of the five monitors, using air pollution, meteorological, and visibility measurements ( Table 2 ). The TEOM five monitor mean value, though not used in the predictive model building, is shown as a basis of comparison with the Hi-Vol mean value. The TEOM method measures, on average, 20 g/m 3 less PM 10 than the Hi -Vol when taking into account all five monitors. The temperature data illustrate the mildness of the climate in Mexico City area, where the lowest daily temperature never went below freezing and the highest never exceeded 348C over the 5-year period. The climate is not particularly humid either; the average relative humidity over the period was about 50%.
Among the models selected for the various regions using the model building criteria described previously (Table 3 ) , residual analysis of the models suggested that the assumptions of the linear regression model were met. The collinearity analysis of the predictors showed no VIFs greater than 10. Though the models all had slightly different predictors, as can be seen from Table 3 , the general form was as follows, with the units for each variable as described in Table 2 :
Correlation coefficients for measured and predicted PM 10 at each of the five monitoring sites were around 0.60 with slopes of 1.0, except for the Pedregal site where predicted values were slightly higher ( Figure 4 ) . For the mean of the five sites, the correlation coefficient was 0.76 with a slope of 1. Correlations between predicted PM 10 and measurements by TEOM were somewhat weaker, with coefficients between 0.40 and 0.61 for individual monitors, and the predicted concentrations were consistently higher than those measured by TEOM ( Figure 5 ). Comparing Figure 5 with Figure 3 , the relationship between the measured values obtained by TEOM and Hi -Vol methods is approximately the same as between the TEOM measurements and predicted Hi -Vol dataset. The maximum predicted values are consistently lower than the maximum measured values, although this difference is least striking for the average of the five monitors, as expected (Table 4) .
Discussion
The epidemiological literature on PM 10 and mortality has generally not addressed the potential effect that different sampling methods might have on observed associations. Frequently, only one type of measurement is available or utilized for a given study. In Mexico City, we have an opportunity to compare three different sampling methods. We found much lower correlations than expected between concentrations measured on the same day at the same site with ''equivalent'' government methods ( TEOM and HiVol ) over the 5 -year study period, and levels and associations among the measurements that differed across monitors. The models we developed to estimate the Hi-Vol concentrations on the days when samples were not taken yielded values that showed approximately the same characteristics as the measured values, except with fewer high values.
The Hi-Vol measurements at the government Pedregal site were much more strongly correlated with the measurements made nearby with a HI than with government TEOM measurements at the Pedregal site. Some might seek to explain this observation by the fact that the heated ''tapered element'' in the TEOM monitor drives off the volatile organic component of the sample ( Allen et al., 1997 ) . Recently, German researchers heated the air around a Harvard -Marple impactor to the same operating temperature as the tapered element of the TEOM and its measurements agreed well with those of the TEOM. Comparing the nonheated impactor measurements with the TEOM, the TEOM measured less mass, although the difference was not constant (Cyrys, 2000 ) . These results support the idea that the TEOM is measuring the nonvolatile mass, as opposed to the total mass, of particles.
Although, on average, the Mexico City TEOM monitors are measuring lower concentrations than the Hi -Vol, the magnitude of this underestimation varies by day and by monitor, and on some days the method actually measures higher concentrations than the Hi -Vol. At the Pedregal site, the average levels measured by TEOM and Hi -Vol are approximately the same, suggesting that the behavior of the TEOM measurements observed by other researchers under -controlled conditions is not applicable to the situation in Mexico City. Spatial and temporal differences in particle composition and concentration no doubt are present in the study area, but differences in operating protocols as well as equipment performance and quality control may also contribute to the observed patterns. The Mexico City air pollution monitoring network provides data used for informing the population of the relative healthfulness of the air quality on a daily basis.
Once the air quality reaches a certain threshold, public policy actions are triggered, ranging from reductions in the number of private vehicles allowed to circulate, to school closings, to cessation of industrial activities. These measures can exact substantial economic and social costs on the region.
Currently, the TEOM data, being measured continuously, are used for establishing the air quality index that triggers these actions. If the differences in the PM 10 levels measured by the Hi-Vol and TEOM methods are important with respect to predicting health outcomes, reconsideration of the monitoring technology employed in the Mexico City metropolitan area may be warranted. The relevance of these differences to epidemiologic studies may depend on the type of study design. For example, for time series studies where the interest is in short -term fluctuations in particle levels and their impacts on health events such as mortality or hospital admissions, the correlation between the particle measurements over time is of most interest (Janssen et al., 1999 ) . For a study of chronic effects of particles ( McMichael et al., 1998 ) , when cumulative exposure over months or years is of interest, the mean difference measured by these methods over time is more important. The ability of the TEOM and other continuous technologies to measure changes in particle concentrations by the hour and even minute may also allow for health studies that incorporate more information on the temporal exposure profile ( Michaels and Kleinman, 2000 ) .
The second goal of this paper was to develop estimates of Hi -Vol data for the five missing days between the everysixth -day monitoring schedule, using meteorological and air pollution data.
The prediction models prepared for this study do not represent the first effort to examine visibility data with relation to particle levels in the Mexico City area. A 1982 study analyzed gravimetric particle measurements and human visibility observations taken at two sites over 4 months in 1980. No significant linear correlation existed between TSPs and visibility, but an exponential relationship between fine particles (0.40-0.59 m ) and visibility was observed ( Bravo et al., 1982 ) . Elemental carbon in particles was estimated to contribute to approximately 50% of the visibility reduction in a study of particles collected in Mexico City during 1982 (Bravo et al., 1988 ) . Another study reported a correlation of 0.54 between 6 -h -average aetholometer measurements of light absorption and gravimetrically measured PM 2.5 concentrations taken daily from February 23 to March 22, 1997 at the Merced and Pedregal monitors ( Edgerton et al., 1999 ) . Researchers of the IMP examined government -collected air pollutant measurements and visual range observations from the Benito Juarez International Airport and the Tacubaya Meteorological Station (Mora Perdomo et al., 1999 ) . For the years 1995 -1998, extinction coefficients derived from diurnal visibility readings on days with no fog or rain and relative humidity < 70% were compared with TEOM -measured PM 10 concentrations from the monitors at La Villa, Merced, Netzahualcoyotl, Cerro de la Estrella ( airport only ), Xalostoc ( airport only ), and Pedregal ( Tacubaya only ). Correlation coefficients ranging from 0.12 to 0.25 ( Tacubaya ) and from 0.10 to 0.24 ( airport ) were observed, depending on the monitor site being analyzed. Correlations ranging from 0.22 to 0.37 (Tacubaya /five monitors ) and 0.08 to 0.24 ( airport / six monitors ) were reported for NO 2 and visibility.
Unlike the previously described investigations, this study uses visibility in addition to other meteorological and air pollution parameters to develop predictive models for HiVol PM 10 measurements. Rather than restricting the dataset to lower humidity days or ones when no moist or dusty conditions were present, these factors are included in the models. This is because the goal of the models was to predict daily PM 10 levels for as many days as possible over a 5 -year period, and these include humid, dusty, and rainy days. The quality of the measurements of O 3 and NO 2 may differ by monitoring site, and inconsistencies in these measurements may have influenced the behavior of the predictive models. However, since little information on the quality of these measurements was available, all the data were used for the modeling exercise.
The six predictive models developed for this study (for each monitoring site and for the overall mean ) have R 2 within the range of R 2 reported for models developed in other studies (0.71, Delfino et al., 1994; 0.28 -0.83, Abbey et al., 1995; 0.51, Vajanapoom, 1999; 0.61, Schwartz, 1991 ) . The predicted data do have a smaller range and standard deviation than the measured data, effectively dampening out extreme values. This characteristic may mean that the predicted values provide a better measure of average exposure, since the high readings in the measured values may be due to highly localized factors (dust devils or point source emissions ) unrepresentative of pollution concentrations for the larger area.
The findings of this study have several implications. First, the differences in the concentrations measured by the TEOM and Hi -Vol methods could be relevant when assessing associations between daily pollution levels and health outcomes such as hospital admissions or mortality. The fact that the TEOM may be measuring just the nonvolatile fraction of the particulate mass suggests that data from the two methods could be used for addressing hypotheses about which properties of the particles may be responsible for health damage. However, before using Mexico City data from these two methods, further exploration of the quality of the TEOM measurements is necessary due to the previously described inconsistencies. In addition, the differences between the reported concentrations using the TEOM and Hi -Vol methods may provide insights to decision -makers in Mexico City who are selecting monitoring methods for determining compliance with health-based air quality standards, and supervising ongoing monitoring and exposure assessment efforts.
The large site -dependent variation in the mean differences between the TEOM and Hi -Vol measurements over the 5-year period is particularly noteworthy. The Xalostoc monitoring site (where the 70 g/m 3 difference was observed ) is in an industrial area where the particles may have a relatively high composition of volatile species, and background levels of other pollutants may affect method performance. At the Pedregal site, a primarily residential area, the difference in the means of the TEOM and Hi -Vol was effectively zero. This contrast may be due to the different nature of the particles and other pollutants in Pedregal compared to Xalostoc and the other sites. Finally, the predicted Hi -Vol concentrations provide an additional metric of exposure to PM 10 for use in epidemiologic studies. This series provides more statistical power than the Hi -Vol data for examining hypotheses about exposure to air pollution and health.
